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Summary
Motor neurons, alone among neurons in the verte-
brate CNS, extend axons out of the neural tube to in-
nervate peripheral targets. Two classes of motor neu-
rons, termed vMNs and dMNs, extend axons out of
the neural tube via ventral and dorsal exit points, re-
spectively, in accord with their homeodomain tran-
scription factor repertoire. Downstream of these tran-
scriptional codes, the cell surface receptors that
shape initial motor axon trajectories have not been
identified. We show here that the chemokine receptor
Cxcr4 is expressed on the axons of vMNs as they fol-
low their ventral trajectory, whereas its ligand, Cxcl12,
is expressed by mesenchymal cells surrounding the
ventral neural tube. Genetic studies reveal that Cxcl12-
Cxcr4 signaling directs the ventral trajectory of spinal
vMNs. In its absence, these neurons adopt a dMN-like
trajectory, despite preservation of their vMN tran-
scriptional identity. Thus, the status of Cxcr4 signal-
ing helps to determine the initial axonal trajectory of
mammalian motor neurons.
Introduction
Developing neurons extend axons along stereotyped
pathways, and the precision of these projections has a
profound impact on neural circuit assembly: early er-
rors take axons into foreign terrains from which they
fail to reach their intended targets. One fundamental
pathfinding choice made by the axons of neurons in the
vertebrate central nervous system (CNS) is whether to
extend within the confines of the neural epithelium or
project into the periphery. Of the diverse array of neu-
ronal subtypes generated within the CNS, motor neu-
rons alone select a peripheral environment for axonal
extension. Once in the periphery, the axons of different*Correspondence: tmj1@columbia.edu
5 These authors contributed equally to this work.motor neuron classes follow highly divergent trajecto-
ries as they grow to their muscle and neuronal targets
(Tosney and Landmesser, 1985). Although guidance
cues that direct motor axons during later phases of
their peripheral projections have been identified (Ebens
et al., 1996; Helmbacher et al., 2000; Naeem et al.,
2002), the signals that determine their initial trajectory
remain unknown.
Within the hindbrain and spinal cord, newly gener-
ated motor neurons send axons along one of two major
trajectories, in accord with their developmental origin
and subtype identity (Figure 1A) (Guthrie and Lumsden,
1992). One set of motor neurons, termed vMNs, are
generated at spinal cord and caudal hindbrain levels
and extend axons through the ventral neural tube be-
fore emerging via a ventral exit point (Sharma et al.,
1998) (Figure 1B). A second set of motor neurons,
termed dMNs, are generated throughout the hindbrain
and at extreme rostral levels of the spinal cord and
send axons dorsally within the neural epithelium to dor-
sal exit points (Ericson et al., 1997a; Sharma et al.,
1998; Niederlander and Lumsden, 1996) (Figure 1C).
The divergence in trajectory of the axons of vMNs and
dMNs evident within the epithelium of the neural tube
is maintained as motor axons arrive in the periphery.
After leaving the neural tube, the axons of vMNs project
through the flanking paraxial mesoderm and avoid
nearby sensory ganglia, thus establishing a peripheral
trajectory that is devoid of preexisting axonal tracts
(Wentworth, 1984) (Figure 1B). In contrast, the axons of
dMNs exit the neural tube at points close to incoming
sensory afferent fibers (Moody and Heaton, 1983; Nie-
derlander and Lumsden, 1996) and typically invade
nearby sensory ganglia as they project to their periph-
eral targets (Jacob et al., 2000; Zhang et al., 2000) (Fig-
ure 1C). How the sequential neuroepithelial and periph-
eral phases in the formation of selective dMN and vMN
axonal trajectories are controlled remains unclear.
The vMN and dMN classes of motor neurons derive
from different neural progenitor domains and are speci-
fied by distinct transcriptional programs (Jessell, 2000).
vMNs derive from progenitor cells in the pMN domain
that express the homeodomain proteins Pax6, Lhx3,
and Lhx4 (Ericson et al., 1997b), whereas dMNs derive
from progenitors that occupy the p3 domain and express
the homeodomain proteins Nkx2.2/2.9 and Phox2a/b
(Pabst et al., 2003; Pattyn et al., 2000). Genetic studies
have shown that these transcription factors control the
subtype identity of motor neurons. In the neural tube of
mice deficient for Pax6 or Lhx3/Lhx4 function, there is
a switch from vMN to dMN identity, assessed by molec-
ular marker expression and motor axon trajectory (Eric-
son et al., 1997b; Sharma et al., 1998). Conversely, mice
lacking Phox2b function lose dMN character (Pattyn et
al., 2000). But the cell surface receptors that function
downstream of these transcriptional programs to estab-
lish vMN and dMN axonal trajectories are not known.
Many later steps in the formation of motor axon tra-
jectories have been shown to depend on guidance
cues that function by activating tyrosine kinase recep-
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668Figure 1. Subtype Identity and Projection Patterns of Motor
Neurons
(A) Arrangement of motor nuclei in embryonic brainstem and spinal
cord. vMNs are shown in red on the left, and dMNs are shown in
blue (trigeminal [V] in purple) on the right of the diagram. Roman
numerals refer to cranial motor nuclei. fp, floor plate.
(B) Axonal pathways (red line) of vMNs in the hindbrain (VI, XII) and
spinal cord (sMN).
(C) Axonal pathways for trigeminal (V; purple line) and other dMNs
(VII, IX, X, XI; blue line) inside and outside the CNS. Note that tri-
geminal axons avoid the sensory ganglia (white ovals), whereas
other dMN axons invade the ganglia.
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ttors. Sequential steps in the growth of motor axons in
the limb and craniofacial mesenchyme are mediated by
hepatocyte growth factor (Hgf)-Met receptor (Caton et
al., 2000; Ebens et al., 1996), glial cell line-derived neu-
rotrophic factor-Ret receptor (Haase et al., 2002), and
EphrinA-EphA4 receptor (Helmbacher et al., 2000) sig-
naling. Yet tyrosine kinase receptor signaling systems
have not been implicated in earlier steps in motor axon
guidance, leaving open the possible contribution of
other ligand-receptor signaling pathways. G protein-
coupled receptors (GPCRs) have diverse functions in
neural differentiation, but their role in axonal pathfind-
ing has been less well defined. One GPCR signaling
system, involving chemokine receptors and their solu-
ble ligands, is known to regulate the migration and dis-
persal of developing neurons and glial cells (reviewed
in Tran and Miller, 2003). In particular, activation of the
chemokine receptor Cxcr4 by its soluble ligand Cxcl12
(Sdf1) influences growth cone motility and neurite ex-
tension in vitro (Arakawa et al., 2003; Pujol et al., 2005;
Xiang et al., 2002), in some instances by attenuating
the actions of chemorepellent factors (Chalasani et al.,
2003). But the possible contribution of chemokine re-
ceptor signaling to the guidance of motor axons has
not been explored.
In this study, we provide genetic evidence in the
mouse that the status of Cxcr4 expression and signal-
ing is a major determinant of the initial axonal trajectory
of spinal motor neurons. Cxcr4 is transiently expressed
by vMNs, and Cxcl12 is expressed at high levels by
mesenchymal cells flanking the spinal cord and caudal
hindbrain. In Cxcr4 or Cxcl12 mutant mice, many vMNs
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acquire a dMN-like trajectory, projecting dorsally within
he neural epithelium and in some cases extending into
he periphery via dorsal exit points. On arrival in the
eriphery, the axons of Cxcr4-deficient vMNs fre-
uently invade sensory ganglia, another characteristic
MN trajectory. Together, this genetic analysis reveals
hat a GPCR signaling system controls the precision of
nitial motor axon trajectories and identifies Cxcr4 as a
rucial effector of the transcriptional pathway that
pecifies vMN connectivity.
esults
ransient Expression of Cxcr4 by vMNs during
he Initial Phases of Axon Extension
nalysis of the expression of chemokine receptors dur-
ng early motor neuron development revealed a striking
istribution of Cxcr4. Cxcr4 mRNA was expressed in
he ventral neural tube at embryonic day (e) 9.0 to 9.5,
n a pattern that paralleled that of Isl1, an early motor
euron marker (Figures 2A and 2B). In addition, Cxcr4
rotein was expressed by newly generated Isl+ motor
eurons soon after their migration to the lateral border
f the neural tube (Figures 2J and 2K). The gene encod-
ng Cxcl12, the sole known ligand for Cxcr4 (Tachibana
t al., 1998), was expressed at high levels by mes-
nchymal cells flanking the ventral neural tube at spinal
ord and hindbrain levels, from e9.0 to e12.5 (Figures
C, 2F, and 2I; Figures 3D and 3H; Figures S1D, S1H,
1L, and S1P in the Supplemental Data available with
his article online; data not shown).
The expression of Cxcr4 by spinal motor neurons is
ransient. From e10.0 onward, Cxcr4 expression be-
ame progressively confined to the most medially
laced, and thus the most recently generated, motor
eurons (Leber and Sanes, 1995; Wentworth, 1984),
hereas more mature, laterally placed, motor neurons
acked Cxcr4 expression (Figure 2D). At e10.5, Cxcr4
xpression was excluded from virtually all motor neu-
ons (Figures 2G and 2H). At this stage, ventral progeni-
or cells also began to express Cxcr4 (Figures 2D and
G). The expression of Cxcr4 protein paralleled tran-
cript expression. At e10.0, Cxcr4 protein was detected
t high levels on many motor neuron cell bodies, as well
s on motor axons that had invaded the surrounding
esenchyme (Figures 2M and 2N). But by e10.5, when
otor axons have reached the base of the limb and the
ateral body wall, little or no expression of Cxcr4 was
etected on motor neuron cell bodies or axons (Figures
P and 2Q). Thus, the initial phase of extension of vMN
xons is characterized by high-level, but transient, ex-
ression of Cxcr4, and by a more prolonged phase of
xcl12 expression by mesenchymal cells flanking the
entral spinal cord.
The temporal and spatial profile of Cxcr4 expression
y motor neurons was consistent at forelimb, thoracic,
nd hindlimb levels of the spinal cord (data not shown).
ut at rostral cervical levels, expression of Cxcr4 was
ore restricted, prompting us to examine its profile of
xpression in cranial motor neurons. To identify cranial
otor neuron subclasses, we analyzed the expression
f three homeodomain transcription factors, Isl1, Hb9,
nd Phox2a/b. Isl1 is expressed by most motor neurons
Chemokine Signaling in Motor Axon Guidance
669Figure 2. Transient Expression of Cxcr4 by Developing vMNs
(A, D, and G) Expression of Cxcr4 mRNA in spinal vMNs at e9.5 (A), e10.0 (D), and e10.5 ([G], black arrow). Cxcr4 mRNA is downregulated in
more mature MNs at e10.0 (D) and e10.5 (G). Expression is also detected in the ventricular zone. (B, E, and H) Isl1 mRNA expression in spinal
vMNs at e9.5 (B), e10.0 (E), and e10.5 (H). Newborn motor neurons at e10.5 are directly adjacent to the ventricular zone ([H], black arrow). (C,
F, and I) Cxcl12 mRNA is present in the mesenchyme surrounding the spinal cord at e9.5 (C), e10.0 (F), and e10.5 (I). (J–R) Cxcr4 protein is
present in newborn spinal vMNs at e9.5 (J and K) labeled with Isl1/2 (K). Cxcr4 protein is detected only in neurons close to the border
between the spinal cord and mesenchyme after their lateral migration is completed. At e10.0, Cxcr4 protein is present on vMN axons in the
ventral root (M and N). vMN nuclei are labeled with Isl1/2 (N). By e10.5, Cxcr4 protein is no longer detected in Isl1/2+ spinal vMNs (Q) or in
ventral roots ([P] and [Q], white arrow). Expression of neurofilament and Isl1/2 proteins by spinal vMNs at e9.5 (L), e10.0 (O), and e10.5 (R).
The white arrows mark ventral roots.in the hindbrain (Varela-Echavarria et al., 1996), Hb9 is
expressed selectively by vMNs (Arber et al., 1999; Tha-
ler et al., 1999), and Phox2a/b is expressed selectively
by dMNs (Pattyn et al., 2000). A comparison of Cxcr4,
Isl1, Hb9, and Phox2a/b expression at rostral cervical
spinal and hindbrain levels from e9.0 to e10.0 indicated
that Cxcr4 mRNA and protein expression coincided
with motor neurons that expressed Hb9 and was ex-
cluded from motor neurons that expressed Phox2a/b
(Figures 3A–3C, 3E–3G, and 3I–3L). Thus, at hindbrain
levels, Cxcr4 expression is largely restricted to abdu-
cens (nVI) and hypoglossal (nXII) motor neurons (Fig-
ures S1E and S1F and Figures 3A, 3B, and 3I–3K). As
with spinal vMNs, expression of Cxcr4 by abducens
and hypoglossal motor neurons was transient and ex-
tinguished by e10.5 (data not shown). In contrast, Cxcr4
expression was excluded from facial (nVII), glossopha-
ryngeal (nIX), vagal (nX), and spinal accessory (nXI) mo-
tor neurons (Figures S1E–S1G, S1I–S1K, and S1M–S1O;
Figures 3A, 3C, 3E, 3G, 3K, and 3L; and data not
shown). The only exception to the exclusion of Cxcr4
expression from dMNs was its detection in trigeminal
(nV) motor neurons (Figures S1A and S1C), the signifi-
cance of which is discussed later. At more rostral levels,
Cxcr4 was expressed by oculomotor (nIII) vMNs, but
not by trochlear (nIV) dMNs (data not shown). Thus, at
spinal and hindbrain levels, Cxcr4 expression is re-
stricted almost exclusively to vMNs.Transient Expression of Cxcr4 on the Growth
Cones of vMNs In Vitro
The transience of expression of Cxcr4 by vMNs in vivo
prompted us to examine whether this temporal profile
is an autonomous feature of motor neuron differentia-
tion or is programmed by interactions between motor
axons and their peripheral environment. We examined
the spatial and temporal expression of Cxcr4 by vMNs
grown in vitro. To identify vMNs, we dissociated ventral
spinal cord tissue from e9.5 Hb9::eGFP embryos that
expressed eGFP at high levels in motor neurons (Wicht-
erle et al., 2002). Motor neurons obtained from Hb9::
eGFP embryos were grown at low density, and cell sur-
face Cxcr4 expression was assayed by immunohisto-
chemistry and flow cytometry on live neurons grown for
18 to 72 hr in culture.
Analysis after 18–24 hr in culture revealed that fewer
than 50% of eGFP+ motor neurons expressed Cxcr4
(Figures 4A, 4B, 4D, 4E, 4J, and 4L). Those that did
exhibited a high level of expression of the protein on
the filopodia and lamellipodia of growth cones (Figures
4A–4C). At this stage, a higher fraction of motor neu-
rons with short axons, presumably younger motor neu-
rons, expressed Cxcr4 (Figure 4K). Consistent with the
idea that more mature motor neurons extinguish Cxcr4
expression, Cxcr4 was not expressed by eGFP+ motor
neurons grown for 72 hr (Figures 4G–4I and 4L).
To examine whether Cxcr4 expressed on the axons
Neuron
670Figure 3. Selective Expression of Cxcr4 by Developing vMNs but Not dMNs
(A–C) Expression of Cxcr4 (A), Hb9 (B), and Isl1 (C) mRNAs in the posterior part of r7. Cxcr4 (A) and Hb9 (B) mRNAs are present in a similar
pattern within the dorsal population of Hb9+, Isl1+ hypoglossal nucleus (nXII) motor neurons (C). The more ventral population of
Cxcr4−Hb9−Isl1+ neurons corresponds to vagus/cranial accessory nuclei (nX/nXI), which are dMNs. (E–G) At the cervical region of the spinal
cord (C1/2 level), Cxcr4 (E) and Hb9 (F) mRNAs are also expressed in the dorsal population of Isl1+ spinal vMNs (G). The more ventral neurons
that express Isl1 mRNA, but not Cxcr4 and Hb9 mRNA, correspond to spinal accessory nucleus (nXI) neurons. (D and H) Cxcl12 mRNA is
expressed in the mesenchyme at caudal (D) regions of rhombomere 7 as well as at the cervical C1/2 levels (H). (I–L) Cxcr4 protein expression
in posterior r7 (I). Cxcr4 and Hb9 (J) are colocalized in the same population of hypoglossal vMNs (nXII). Cxcr4 is detected at high levels in
neurons close to the border with the mesenchyme. Cxcr4 is expressed only in the dorsal population (nXII) of Isl1/2+ cells but not in the ventral
population (nX/nXI) (K). (L) Colocalization of Phox2a/b and Isl1/2 in the ventral group of motor neurons (yellow nuclei) corresponding to vagus/
cranial accessory dMNs (nX/nXI).of newly generated motor neurons is functional, we as-
sessed the ability of Cxcl12 to elicit changes in the mor-
phology of growth cones in eGFP+ motor neurons
grown for 18–20 hr in vitro. Under control conditions,
w20% of eGFP+ motor neurons possessed at least one
intermediate or large growth cone, analyzed by phalloi-
din labeling of the actin cytoskeleton, with the remain-
ing 80% possessing smaller shaft-like axonal endings
(Figures 4M and 4N; see Experimental Procedures for
criteria). Exposure of cultured eGFP+ motor neurons to
Cxcl12 (0.6 M) elicited a 1.6-fold (p < 0.01) increase in
the incidence of motor neurons with expanded growth
cones (Figure 4O). This effect on growth cone morphol-
ogy was blocked by addition of T134, a peptide that
functions as a competitive antagonist of Cxcl12-Cxcr4
interactions (Figure 4O) (Arakaki et al., 1999).
Taken together, these findings indicate that many
newly generated motor neurons initially express a func-
tional form of Cxcr4 on their growth cones but rapidly
extinguish protein expression, in a manner that does
not depend on signals provided by the peripheral mes-
enchyme.
The Axons of vMNs Adopt a dMN-like Trajectory
in Cxcr4 and Cxcl12 Mutants
The transience of Cxcr4 expression by vMNs precluded
a detailed examination of the influence of Cxcl12 sig-
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raling on axonal growth in vitro. We therefore turned to
genetic analysis of motor neuron differentiation in
xcr4 and Cxcl12 mutant embryos. In the spinal cord,
MNs migrate laterally soon after their generation, ex-
ending an initial axonal process laterally, toward the
order of the neuroepithelium, and then into the periph-
ry (Wentworth, 1984). In Cxcr4 and Cxcl12 mutants,
MNs exhibited several defects in early axon extension,
s assessed both by neurofilament 155 kDa subunit (Nf)
xpression (Figures 5A–5C), and by axonal eGFP ex-
ression in mutants carrying the Hb9::eGFP transgene.
he axonal projection phenotypes of both mutant
trains were essentially indistinguishable, indicating
hat Cxcl12 is the relevant ligand for motor axonal
xcr4 in vivo.
The earliest motor neuron phenotype in Cxcr4 and
xcl12 mutants, evident at e10.0, was a marked (w3.5
old) increase in the incidence of misdirected Nf+ pro-
esses within the ventral neural epithelium (Figures 5D–
G; Figure S2). These processes expressed both Nf and
neuronal β-tubulin isoform (see Figure S2), indicative
f their axonal nature. Many of these axons appeared
o project laterally to the margin of the neural tube but
hen reoriented in a dorsal direction, and some even
urned medially, back toward the lumen of the spinal
ord (Figures 5E and 5F). Another early, and possibly
elated, defect in motor axon projections in Cxcr4 and
Chemokine Signaling in Motor Axon Guidance
671Figure 4. Transient Expression of Cxcr4 in Cultured Motor Neurons
(A–I) Cxcr4 expression by motor neurons obtained from e9.5 ventral
spinal cords of Hb9::eGFP transgenic mice and grown for 24 hr
(A–F) or 72 hr (G–I). After 24 hr, Cxcr4 expression is detected on
w50% of eGFP+ motor neurons (A–C and L), on cell bodies and
axons (B). Cxcr4 is also expressed on growth cone filopodia and
lamellipodia (C). The remaining motor neurons (D–F and L) do not
express Cxcr4 protein. Cxcr4− motor neurons have longer axons
with more elaborate branch patterns. (G–I) After 72 hr, Cxcr4 is no
longer expressed on eGFP+ motor neurons.
(J) FACS of Cxcr4 staining on eGFP+ motor neurons after 20 hr in
vitro. Histogram shows Cxcr4 expression levels (exponential scale
in the x axis) plotted against cell number (y axis). Antibody isotype
control, blue line; Cxcr4 staining, red line. Forty-eight percent of
eGFP+ motor neurons express Cxcr4 (black bar).
(K) Motor axon length of Cxcr4− and Cxcr4+ motor neurons after 24
hr in culture. The mean axon length of Cxcr4− motor neurons (200
m) is greater than Cxcr4+ motor neurons (110 m). Circle and bars
represent mean ± SEM.
(L) Cxcr4+ motor neurons after 24 hr and 72 hr in culture.
(M and N) Phalloidin labeling of eGFP+ motor neurons after 24 hr.
Motor neurons were scored as growth cone positive (N) if they ex-
hibited R1 intermediate or large phalloidin-positive growth cone
(Figure S7).
(O) Cxcl12 exposure enhances the number of spinal vMN growth
cones. Triangles represent exposure to a control chemokine
(Ccl17), filled circles represent exposure to Cxcl12, and the openThe switch from vMN to dMN identity that occurs in
square shows exposure to Cxcl12 and a competitive inhibitor
(T134). The difference between growth cone percentage in control
and 0.6 M Cxcl12 is statistically significant (*p < 0.01, χ2 test).
Growth cone-positive and -negative motor neurons were counted
in five to six independent experiments (n = 100–150 neurons per
experiment). Error bars represent SEM.Cxcl12 mutants was a marked (w60%) decrease in the
number of motor axons that projected into the periph-
ery (Figure 5H). Moreover, many of the motor axons that
did emerge exhibited an aberrant dorsal trajectory im-
mediately upon exit (Figures 5B and 5C). And those mo-
tor axons that continued to project laterally did not ex-
tend as far into the peripheral mesenchyme as did
motor axons in wild-type embryos (Figure 5I). These de-
fects in initial motor axon trajectory were not accompa-
nied by a change in total motor neuron number (data
not shown) or in the migration of motor neuron cell bod-
ies. Thus, the loss of Cxcr4 signaling in newly gener-
ated vMNs selectively influences the fidelity with which
initial axonal trajectories are formed.
We next examined whether the perturbation in initial
vMN axonal trajectory is accompanied by later defects
in motor axon guidance. To assess this, we analyzed
the trajectory of the axons of eGFP+ vMNs in Cxcr4 ×
Hb9::eGFP and Cxcl12 × Hb9::eGFP mice, over the
period e9.5 to e11.5. Two consistent defects were de-
tected in the intraspinal trajectory of vMNs. The first
and major defect was an aberrant dorsal, or dorsome-
dial, projection of eGFP+ axons within the neural epi-
thelium of the spinal cord. Many eGFP+ motor axons
often projected as far dorsally as the dorsal root entry
zone (DREZ) (Figures 6A–6C, 6F–6H, and 6K–6M). How-
ever, at caudal cervical, thoracic, and lumbar levels of
the spinal cord, these dorsally misdirected eGFP+ ax-
ons did not exit the spinal cord. Instead, eGFP+ motor
axons typically projected rostrocaudally within the
DREZ, aligning themselves with sensory axons (Figures
6D, 6I, and 6N). In addition, a few spinal vMNs extended
eGFP+ axons ventromedially, toward and across the
floor plate (Figures 6E, 6J, and 6O). This trajectory re-
sembles that of hindbrain vestibuloacoustic neurons,
which normally extend axons across the floor plate
(Bruce et al., 1997; Cowan et al., 2000). Thus, the loss
of Cxcl12-Cxcr4 signaling causes many spinal vMNs to
acquire an intraspinal trajectory that shares features
with the pathway of cranial dMNs.
Preservation of the Transcriptional Identity of vMNs
in Cxcr4 and Cxcl12 Mutants
These early defects in vMN axonal trajectory resemble
those in mice mutant for the genes encoding the ho-
meodomain proteins Pax6 and Lhx3/Lhx4, mutations
that cause a transformation from vMN to dMN identity
(Ericson et al., 1997b; Sharma et al., 1998). We therefore
explored the link between Cxcr4 and progenitor homeo-
domain protein expression, addressing first whether
Cxcr4 expression is regulated by progenitor homeodo-
main transcription factors known to define vMN and dMN
fate, and second whether the loss of Cxcr4 expression
alters the transcriptional identity of motor neurons.
Neuron
672Figure 5. Early vMN Axonal Projection Defects in Cxcr4 and Cxcl12
Mutant Mice
(A–F) Isl1/2 and Nf in e10.0 brachial spinal cords of wild-type (A
and D), Cxcr4 (B and E), and Cxcl12 (C and F) mutant mice. Isl1/2+
nuclei within the ventral spinal cord are motor neurons, while those
outside the border (white dashed line) are dorsal root ganglion neu-
rons. The neurofilament staining labels both motor and sensory ax-
ons. (D)–(F) show higher-magnification images with the border be-
tween the spinal cord and the mesenchyme to the left. Aberrant
vMN axonal projections are evident in Cxcr4 ([E], white arrows) and
Cxcl12 ([F], white arrows) embryos, but not in wild-type (D) em-
bryos.
(G and H) Quantification of medially (G) and peripherally (H) located
motor axons in wild-type, Cxcr4, and Cxl12 mutant mice. The y axis
represents the number of medial motor axons per hemisection (G)
and peripheral axons (H) (mean ± SEM). In (G), axons that projected
more medially than the medial edge of the motor column were
scored as positive. Differences between control and mutant em-
bryos are significant (p < 0.01, Student’s t test).
(I) Quantification of the lateral extent of motor axon outgrowth in
wild-type, Cxcr4, and Cxcl12 mutant embryos. In images of bra-
chial regions of e10.0 embryos, the mesenchyme adjacent to the
ventral exit points of vMNs was divided into bins of 10 m width,
and Nf+ pixels representing motor axons in each bin were quanti-
fied. Axons in nascent dorsal root ganglia were excluded from the
analysis. Motor axons in wild-type embryos extend further laterally
than in Cxcr4 (dark gray) or Cxcl12 (light gray) mutants (n = 3 ani-
mals/genotype).
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tigure 6. Aberrant dMN-like Trajectory of Spinal vMN Axons in
xcr4 and Cxcl12 Mutant Mice
A, F, and K) GFP staining of spinal cord sections from Cxcr4 het-
rozygous (A), Cxcr4 mutant (F), and Cxcl12 mutant (K) mice (e11.5)
arrying a Hb9::eGFP transgene. The dorsal spinal cord of Cxcr4
F) and Cxcl12 (K) mutants contains ectopic motor axons (red ar-
ows). Low-level expression of eGFP in the dorsal root entry zone
DREZ) of wild-type mice reflects expression in dorsal root ganglion
DRG) neurons. (B, G, and L) High-magnification images of ventral
pinal cord showing expression of eGFP and laminin B1. Laminin
1 marks the basal lamina of the spinal cord. Motor axons project
orsally within the external limiting membrane in Cxcr4 ([G], white
rrows) and Cxcl12 ([L], white arrows) mutant mice, but not in Cxcr4
eterozygous mice (B). d, dorsal; v, ventral. (C, H, and M) Motor
xon projections at the DREZ. eGFP labels motor axons, and neu-
ofilament labels both motor and sensory axons. In Cxcr4 ([H],
hite arrows) and Cxcl12 ([M], white arrows) mutants, but not con-
rols (C), eGFP+ motor axons grow toward incoming sensory axons.
ote that motor axons do not exit the spinal cord. (D, I, and N)
ongitudinal section of the DREZ. Only eGFP− sensory axons are
resent here in control mice (D). On the other hand, in Cxcr4 ([I],
hite arrows) and Cxcl12 ([N], white arrows) mutants, motor axons
roject along the rostrocaudal axis. (E, J, and O) Aberrant motor
xon projections in the floor plate. Wild-type motor axons (E) do
ot cross the floor plate. In mice mutant for Cxcr4 ([J], white ar-
ows) and Cxcl12 ([O], white arrows), motor axons project across
he floor plate. fp, floor plate; a, anterior; p, posterior.the caudal hindbrain of Pax6 mutants (Ericson et al.,
1997b) is accompanied by the absence of Cxcr4 ex-
pression by motor neurons (Figures S3C–S3H). In addi-
tion, defects in the axonal trajectory of vMNs observed
in Cxcr4 mutants are not accompanied by changes in
the temporal or spatial pattern of Lhx3/4 expression
(
s
s
t
dFigures S3I–S3N) or in the expression of other tran-
cription factors that define motor neuron columnar
ubclasses (data not shown). These findings indicate
hat the selective expression of Cxcr4 by vMNs is a
ownstream consequence of the transcriptional cas-
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673cade that specifies vMN subtype identity. Thus, the de-
fects in axonal trajectory observed in Cxcr4 mutants
are not attributable to changes in the transcriptional
status of motor neurons.
The Axons of Some vMNs Leave the CNS via Dorsal
Exit Points in Cxcr4 Mutants
We next considered why the axons of spinal vMNs
failed to exit the spinal cord, despite their initial dorsal
projection toward and into the DREZ. One explanation
is suggested by evidence that the axons of dMNs are
normally attracted out of the neural tube in response to
signals that emanate from specialized “exit point” cells
located close to the DREZ (Niederlander and Lumsden,
1996). The absence of such signals at segmental levels
of the neural tube associated with vMN generation
could underlie the failure of vMN axons to exit the dor-
sal spinal cord in Cxcr4 and Cxcl12 mutants. If so, we
reasoned that, at rostrocaudal levels of the spinal cord
that give rise to both vMNs and dMNs, the dorsally di-
rected axons of vMNs deprived of Cxcr4 signaling
might emerge from the dorsal spinal cord along with
the axons of dMNs, by exploiting endogenous dorsal
exit point signals.
To test this idea, we analyzed vMN axonal trajecto-
ries at a rostral cervical level of the spinal cord, where
vMNs innervating skeletal muscles of the neck, as well
as dMNs of the spinal accessory column (nXI), are gen-
erated. At this axial level, the axons of eGFP+ vMNs in
mice with intact Cxcl12-Cxcr4 signaling projected out
of the neural tube at their normal ventral location (Fig-
ures 7A, 7C, 7E, and 7F). In contrast, in Cxcr4 and
Cxcl12 mutants, the eGFP+ axons of vMNs not only
projected dorsally within the neural epithelium but also
left the spinal cord and projected into the spinal acces-
sory nerve (SAN) (Figures 7B, 7D, and 7G–7J). We de-
tected a marked (w4-fold) increase in the cross-sec-
tional area of the SAN in Cxcr4 and Cxcl12 mutants
(Figure S4), presumably a reflection of the additional
contribution of eGFP+ axons of vMNs to this nerve.
These eGFP+ vMN axons extended far into the SAN
(Figures 7B and 7D), and by e15.5 many had contacted
the acromiotrapezius muscle, a normal target of nXI
motor neurons (Figures 7K–7N).
These findings show that vMNs deprived of Cxcr4
signaling can adopt a cardinal characteristic of dMN
axonal trajectory, the ability to exit the CNS dorsally, at
least at axial levels where dMNs are normally gener-
ated. The failure of the dorsally directed axons of vMNs
to exit the neural tube at most spinal levels in Cxcl12
and Cxcr4 mutants may therefore result from the lack
of appropriate exit point cues and/or dMN axons.
Defects in Motor Axon Trajectory Are Largely
Restricted to the Spinal Cord
We next examined the impact of the loss of Cxcr4 sig-
naling on the axonal projections of hindbrain motor
neurons. Two sets of hindbrain vMNs, abducens (nVI)
and hypoglossal (nXII) motor neurons, express Cxcr4
at levels comparable to those detected in spinal vMNs
(Figure S1E and S1F; Figures 3A, 3B, 3I, and 3J). Never-
theless, there was an extremely low incidence of errors
in the intraepithelial axonal trajectory of these two cra-Figure 7. Aberrant vMN Axonal Projections at Cervical Spinal Cord
Levels in Cxcr4 and Cxcl12 Mutants
(A and B) Dorsal view of whole mounts of caudal hindbrain and
cervical spinal cord, showing expression of neurofilament and
eGFP at e11.5. eGFP+ vMN axons are detected in the spinal acces-
sory nerve (SAN) in Cxcr4 mutants ([B], white arrow) but not in con-
trols ([A], white arrow). (C and D) Lateral view of vMN axonal projec-
tions visualized by whole-mount eGFP expression at e11.5. Note
that eGFP+ vMN axons follow the SAN trajectory in the Cxcr4 mu-
tant ([D], red arrow) but not in control (C) embryos. (E, G, and I)
Sections through the ventral spinal cord at anterior cervical levels
(C1–C2) at e11.5. eGFP labels vMN axons, and neurofilament labels
all axons. In wild-type mice, the SAN is visible as a small Nf+ cluster
([E], white circle) medial to the DRG. In Cxcr4 (G) and Cxcl12 (I)
mutants, vMN axons project dorsally and exit the spinal cord into
the SAN (yellow dot between the spinal cord and DRG). (F, H, and
J) Ventral spinal cord expression of eGFP and Isl1/2 in control (F),
Cxcr4 (H), and Cxcl12 (F) mutant mice. The position of vMN (doubly
labeled cells) and dMN cell bodies (single red nuclei located dorso-
lateral to vMNs) is unchanged in these mutants. (K–N) Analysis of
vMN innervation of a SAN target muscle in Cxcr4 mutants. Whole-
mount labeling of the acromiotrapezius muscle, in e15.5 embryos.
eGFP labels vMN axons, and α-bungarotoxin identifies the end-
plate region. (K and L) In wild-type embryos, Nfr+ eGFP− axons
of the spinal accessory column (nXI) contact the endplate of the
acromiotrapezius muscle. (M and N) In Cxcr4 mutants, Nfr+ eGFP+
vMN axons innervate this muscle.
Neuron
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The nature of these errors was, however, similar to that
in the spinal cord. Scattered eGFP+ axons of both ab-
ducens and hypoglossal motor neurons projected dor-
sally within the neural epithelium and emerged through
dorsal exit points (Figure S5), whereas others crossed
the floor plate (data not shown). Thus, defects in vMN
axonal trajectory in Cxcr4 mutants are observed pri-
marily at spinal cord levels.
We also determined whether the trajectory of cranial
dMNs is affected in Cxcr4 mutants. To trace the axons
of dMNs, we took advantage of the finding that the ho-
meobox gene Nkx6.2 is expressed by most dMN pop-
ulations (Pattyn et al., 2003). We crossed Nkx6.2::τlacZ
mice (Vallstedt et al., 2001) into a Cxcr4 mutant back-
ground and assessed the trajectory of dMN axons by
X-gal histochemistry or LacZ immunolabeling. In em-
bryos carrying one or two wild-type Cxcr4 alleles, LacZ
expression delineated the characteristic dorsal trajec-
tory of dMN axons within the neural epithelium and re-
vealed their dorsal exit point (Figures S6A, S6C, and
S6E). Analysis of axonal X-gal labeling and/or LacZ ex-
pression in Cxcr4 mutant embryos revealed no change
in the intraepithelial trajectory of any dMN axonal pop-
ulation, including trigeminal motor neurons, the only
dMN population that expresses Cxcr4 (Figures S6B and
S6D). Thus, the loss of Cxcr4 signaling does not perturb
the initial axonal trajectory of dMNs.
Loss of Cxcr4 Signaling Perturbs Motor Axon
Trajectories in the Periphery
The axonal trajectories of vMNs and dMNs diverge sig-
nificantly upon arrival in the periphery. The axons of
vMNs avoid sensory ganglia, projecting instead through
the surrounding mesodermal mesenchyme (Wentworth,
1984) (Figure 8A), whereas most dMN populations send
their axons into the body of cranial sensory ganglia (Ja-
cob et al., 2000) (Figures 8E and 8G). The axons of tri-
geminal dMNs, however, evade the trigeminal ganglion
during the early phases of their peripheral trajectory
(Zhang et al., 2000) (Figure 8C), a vMN-like axonal be-
havior. This atypical dMN axonal trajectory is note-
worthy in view of the expression of Cxcr4 by trigeminal
motor neurons (Figures S1A and S1C). Thus, motor
neurons that express Cxcr4 evade sensory ganglia,
whereas motor neurons that lack Cxcr4 expression in-
vade sensory ganglia.
To examine whether the status of Cxcr4 expression
underlies the decision of motor axons to invade or
evade sensory ganglia after their arrival in the periph-
ery, we monitored peripheral axonal trajectories in
Cxcr4 mutants. At spinal levels, the axons of many
vMNs failed to pursue their normal ventrolateral trajec-
tory through the mesenchyme, instead invading the
DRG (Figures 8A, 8B, and 8I), and in some instances
projected along with sensory axons toward the DREZ.
We also detected a marked increase in the incidence of
Nkx6.2::τLacZ-labeled dMN axons within the trigeminal
ganglion of Cxcr4 mutants, when compared with mice
with intact Cxcr4 signaling (Figures 8C, 8D, and 8J). In
contrast, the intraganglionic axonal trajectory of other
dMN populations that normally lack Cxcr4 was un-
changed in Cxcr4 mutant mice, as assessed by the pat-
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aern of Nkx6.2::τLacZ axonal labeling (Figures 8E–8H,
K, and 8L). Thus, the loss of Cxcl12-Cxcr4 signaling
auses motor neurons that normally express Cxcr4
vMNs and trigeminal dMNs) to alter their peripheral ax-
nal trajectory, from evasion to invasion of sensory
anglia, even under conditions in which their normal
entral or dorsal points of exit from the neural tube
re maintained.
Together, these findings reveal that the loss of Cxcr4
ignaling in motor axons results in two coordinate
hanges in vMN axonal trajectory: one that occurs
ithin the neural epithelium and influences initial axo-
al trajectory and exit point position, and a second that
ccurs in the periphery and influences axonal trajectory
n the vicinity of sensory ganglia. The status of Cxcr4
ignaling in the axons of spinal motor neurons is there-
ore a critical determinant of their initial trajectory.
iscussion
he selectivity of motor axon outgrowth is revealed in
ts simplest form as a divergence in trajectory of two
ajor subclasses of motor neurons, termed dMNs and
MNs. We have found that two critical aspects of the
ormation of vMN axonal trajectories—ventral exit from
he CNS and the evasion of sensory ganglia—depend
n the activity of a GPCR signaling pathway that is me-
iated by the mesenchymal ligand Cxcl12 and its motor
xon receptor, Cxcr4. Genetic inactivation of the
xcl12-Cxcr4 signaling pathway has no impact on the
ranscriptional pathway of vMN specification but causes
his set of motor neurons to adopt an axonal trajectory
hat is characteristic of dMNs, most notably axonal
rowth to dorsal exit points, and the invasion of sen-
ory ganglia. In some instances, these initial errors in
he pathfinding of vMNs result in the innervation of
uscle targets that are normally reserved for dMNs.
ur findings therefore clarify a key step in the molecular
ontrol of mammalian motor axon trajectories and de-
ine a GPCR signaling system that shapes motor axon
athways and the pattern of muscle target innervation.
xcr4 Expression as a Selector of Motor Axon
xit Point from the CNS
oon after their generation, the cell bodies of vMNs mi-
rate laterally, and their axons extend laterally and pro-
ect into the periphery (Vermeren et al., 2003; Went-
orth, 1984). The onset of expression of Cxcr4 by
ascent vMNs occurs after the lateral migration of mo-
or neuron cell bodies, but at the onset of motor axon
xtension. Our genetic studies indicate that Cxcr4 ac-
ivity is not involved in the migration of the cell bodies
f vMNs but is required for the axons of many vMNs to
aintain a lateral trajectory and exit the ventral neural
ube. In this respect, motor neurons differ from many
ther classes of CNS neurons that are dependent on
xcr4 signaling for their migration (Lu et al., 2002;
tumm et al., 2003; Zhu et al., 2002; Zou et al., 1998).
separation in the molecular control of cell body mi-
ration and axonal guidance is also evident at later
tages of the differentiation of spinal motor neurons.
phrinA-EphA4 signaling appears to control motor
xon trajectory along the dorsoventral axis of the limb
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675Figure 8. Aberrant Motor Axonal Projections
in Sensory Ganglia of Cxcr4 and Cxcl12 Mu-
tant Mice
(A and B) The ventral spinal cord of Hb9:
:eGFP transgenic mice at e11.5, showing
eGFP and Isl1/2 expression. eGFP+ motor
axons exit ventrally and avoid the DRG in
Cxcr4 heterozygous mice (A). In Cxcr4 mu-
tants, many motor axons turn dorsally after
spinal cord exit and enter the DRG (B). Some
axons project dorsally, between the DRG
and spinal cord.
(C and D) Trajectory of the trigeminal motor
nerve (V) in control (C) and Cxcr4 mutant (D)
embryos, carrying the Nkx6.2::tlacZ allele.
LacZ labels dMN axons, and Isl1/2 labels
sensory ganglia and motor neuron nuclei. In
Cxcr4+/− mice (C), LacZ+ trigeminal motor
axons avoid the Vth ganglion. In contrast,
LacZ+ axons enter the ganglion in Cxcr4 mu-
tants (D). In both genotypes, trigeminal mo-
tor axons exit the CNS dorsally.
(E–H) Peripheral trajectory of the glossopha-
ryngeal nerve (IX) (E and F) and vagus nerve
(X) (G and H) in Cxcr4 heterozygous and mu-
tant mice carrying the Nkx6.2::tlacZ allele. In
both Cxcr4 heterozygous (E and G) and mu-
tant (F and H) embryos, LacZ+ dMN axons
enter sensory ganglia.
(I–L) Quantification of motor axon trajecto-
ries outside (black bars) and inside (gray
bars) sensory ganglia (e11.5). eGFP pixels
(1 unit equals 1000 pixels) representing vMN axons were counted in lumbar sections of heterozygous controls and Cxcr4 and Cxcl12 mutants
(I) (n = 4 embryos for each group; mean ± SEM). LacZ pixels (1 unit equals 1000 pixels) representing dMN axons were counted in sections of
control embryos, and Cxcr4 mutants containing the Vth motor nerve (J), the IXth motor nerve (K), and the Xth motor nerve (L) (n = 3 embryos
per genotype; mean ± SEM). Differences in intraganglionic axons in +/− and −/− embryos are significant ([I and J]; p < 0.01, Student’s t test).but is without influence on the segregation of motor
neurons within the lateral motor column (Kania and
Jessell, 2003).
In the absence of Cxcr4 signaling, the axons of many
vMNs pursue a deviant dorsolateral trajectory that is
reminiscent of most dMN axons. This finding raises the
issue of the extent to which vMNs acquire an authentic
dMN-like axonal trajectory in the absence of Cxcr4 sig-
naling. The behavior of the axons of Cxcr4-deficient
vMNs as they arrive at the DREZ, a prospective dorsal
exit point, provides insight into this issue. At rostral spi-
nal levels, where both vMNs and spinal accessory
dMNs are generated, Cxcr4-deficient vMN axons not
only select an aberrant dorsal trajectory, but also send
axons out of the CNS into the SAN, along with the ax-
ons of dMNs. The exit of these vMN axons could be a
direct response to dorsal exit point signals or reflect
the pursuit of dMN axons as they exit in response to
these signals. And, once in the periphery, the axons of
Cxcr4-deficient vMNs contact muscles normally inner-
vated by dMNs. Thus, the loss of Cxcr4 signaling in
cervical level vMNs appears to confer an authentic
dMN-like axonal trajectory. The failure of vMNs at more
caudal levels to exit the dorsal spinal cord suggests
that the pursuit of this aspect of dMN-like trajectory
depends on the availability of dorsal exit point cues
that are established in register with the rostrocaudal
position of dMN generation, but independently of the
status of neuronal Cxcr4 expression.
The defects in vMN axonal trajectory in Cxcr4 nullmutants are not fully penetrant. One possible reason
for the incomplete conversion to a dMN-like trajectory
is the participation of a Cxcr4-independent signaling
pathway in the guidance of vMN axons out of the neural
tube. Hgf-Met receptor signaling has been shown to
promote the growth of spinal motor axons in vitro
(Ebens et al., 1996). But the loss of Hgf-Met signaling
in vivo does not result in early defects in axonal out-
growth of spinal vMNs (Caton et al., 2000; Ebens et
al., 1996), although the outgrowth of hypoglossal vMN
axons in the hindbrain is affected. These findings on
Hgf-Met signaling at cranial levels complement our
studies of Cxcr4 and Cxcl12 mutants. Thus, parallel
molecular pathways could be involved in controlling the
initial trajectory of vMNs, with the relative contribution
of these two signaling pathways varying for distinct
vMN populations, and along the rostrocaudal axis of
the neural tube. Alternatively, the incomplete pene-
trance of vMN axonal projection errors could simply
reflect the fact that Cxcr4 is not expressed by all vMNs.
The transient nature of Cxcr4 expression, combined
with the protracted period over which motor neurons
are generated, has prevented us from establishing
whether all newly generated vMNs pass through a
phase of Cxcr4 expression.
Cxcr4 Signaling and the Control of Axonal
Trajectory in the Periphery
The initial divergence in the trajectory of vMNs and
dMNs within the neural epithelium is reinforced by dis-
Neuron
676tinctions in their peripheral trajectory. The axons of
vMNs extend laterally through flanking mesenchyme
toward their muscle or neuronal targets, avoiding sen-
sory ganglia that lie close to their peripheral path. In
contrast, the axons of dMNs typically project into cra-
nial sensory ganglia. At face value, this distinction in
peripheral trajectory could simply result from the rela-
tive positioning of motor and sensory axons: vMNs
avoiding sensory ganglia because their axons extend
ventral to sensory ganglia, and dMNs projecting into
sensory ganglia because their axons have little alterna-
tive after entering the dorsal root.
Our analysis of axonal projection patterns in Cxcr4
mutants argues against this “passive” model of gangli-
onic evasion or invasion. Instead, it appears that the
status of Cxcr4 expression by vMNs controls axonal
trajectory near sensory ganglia. In the absence of acti-
vation of this chemokine signaling pathway, many of
the vMN axons that do manage to exit the ventral neu-
ral tube grow dorsally and invade sensory ganglia. The
anomalous pathfinding of trigeminal motor axons pro-
vides a second piece of evidence that motor axon tra-
jectories in and around sensory ganglia are determined
by chemokine receptor expression. Alone among dMNs,
trigeminal motor neurons express Cxcr4 and project
axons into the periphery along a trajectory that avoids
nearby sensory ganglia (Zhang et al., 2000), even though
these axons have emerged from a dorsal exit point.
And, as with vMNs, many trigeminal motor axons switch
from evasion to invasion of sensory ganglia when Cxcr4
signaling is eliminated, despite the maintenance of a
dorsal axonal exit point. Thus, the invasion or evasion
of sensory ganglia is determined not by the selection
of a dorsal or ventral exit point, but rather by the status
of Cxcr4 expression on the axons of motor neurons.
The link between the status of Cxcr4 expression and
axon trajectory in the periphery, in turn, raises the issue
of why the expression of Cxcr4 by trigeminal neurons
is not sufficient to direct their axons to a ventral exit
point. The onset of Cxcr4 expression by trigeminal
dMNs occurs well after the generation of these neurons
(D.A. and I.L., unpublished data), raising the possibility
that Cxcr4 expression attains functional levels only af-
ter their axons have already committed to a dorsal exit
point. More generally, these findings establish that
Cxcr4 signaling regulates two sequential phases of the
trajectory of motor axons, initially within the confines
of the neural epithelium, and later as they project in
the periphery.
How Might Cxcr4 Direct Motor Axon Trajectories?
Our studies provide strong genetic evidence that the
distinction in the early axonal trajectory of vMNs and
dMNs is established by the interaction of mesenchy-
mally derived Cxcl12 with Cxcr4 on motor axons. But
the ephemeral nature of Cxcr4 expression by vMNs has
precluded us from analyzing the Cxcr4-dependent sig-
naling pathway that operates within embryonic motor
neurons.
Cxcr4 signaling can either promote or inhibit axon
outgrowth in vitro depending on neuronal type (Ara-
kawa et al., 2003; Pujol et al., 2005; Xiang et al., 2002).
But Cxcl12 does not appear to exhibit overt chem-
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coattractant activity when assayed on several vertebrateeuronal classes in vitro (Chalasani et al., 2003; our un-
ublished data). Nevertheless, it remains possible that,
t a critical early phase in vivo, the growth cones of
pinal motor neurons are attracted to a local source
f Cxcl12 provided by the adjacent mesenchyme. The
inding that Cxcl12 promotes expanded motor axon
rowth cones in vitro suggests that activation of Cxcr4
ignaling can exert a positive influence on motor axons
n vivo. In other cell types, including neurons, activation
f Cxcr4 has been shown to elicit increases in intracel-
ular Ca2+ (Tran and Miller, 2003), as well as activation
f Rho family GTPases (Arakawa et al., 2003; Vicente-
anzanares et al., 2002) and MAP kinases (Ganju et
l., 1998), pathways known to influence growth cone
otility and axonal guidance (Huber et al., 2003).
One finding that may be relevant to the behavior of
otor axons is that activation of Cxcr4 signaling in cer-
ain neuronal populations attenuates the response to
hemorepellent factors (Chalasani et al., 2003). Motor
xon trajectories are known to be influenced by chem-
repellent factors secreted by floor plate cells and by
he paraxial mesenchyme that flanks the ventral neural
ube (Colamarino and Tessier-Lavigne, 1995; Guthrie
nd Pini, 1995; Varela-Echavarria et al., 1997; Wang and
nderson, 1997; Brose et al., 1999). Semaphorins and
etrins, in particular, are thought to contribute to the
epellent activity of these two cell populations (Cola-
arino and Tessier-Lavigne, 1995; Zou et al., 2000), and
he repellent activity of netrins appears specific to dMN
opulations (Varela-Echavarria et al., 1997).
Taken together, these findings suggest a possible
cenario through which Cxcl12-Cxcr4 signaling estab-
ishes the early distinction in vMN and dMN axonal tra-
ectories. By virtue of lack of Cxcr4 expression, most
MNs respond to repellent factors that derive from ven-
ral mesenchyme and floor plate, with the consequence
hat their axons initially remain within the neural epithe-
ium and are deflected dorsally away from the floor
late (Figure 9). In contrast, the axons of vMNs, by vir-
ue of their expression of Cxcr4 and its ability to attenu-
te the actions of diverse repellents (Chalasani et al.,
003), are relatively insensitive to repellent activities
hat derive from the floor plate and ventral mes-
nchyme and thus extend ventrolaterally and exit the
eural tube. Elimination of Cxcr4 signaling would then
xpose the axons of nascent vMNs to repellents pre-
ent in their local ventral environment, causing them to
ollow aberrant dorsal and/or medial trajectories within
he neural tube (Figure 9). We appreciate that this sce-
ario does not easily accommodate the ventromedial
rajectory of the small set of Cxcr4-deficient vMN axons
hat project across the floor plate.
Finally, and independently of the mechanism by
hich Cxcr4 signaling influences vMN trajectory, our
indings provide direct genetic evidence for the involve-
ent of a GPCR signaling system in the guidance of
ertebrate motor axons. Loss of Cxcr4 function has re-
ently been shown to perturb retinal axon projections
ithin the zebrafish retina (Li et al., 2005), suggesting a
ider role for Cxcr4 signaling in the guidance of axons
n the vertebrate CNS. The Cxcr4-based chemokine
athway thus joins a small group of GPCRs, notably
dorant receptors, that have been implicated geneti-
ally in the guidance of developing axons in the mam-malian CNS (Feinstein et al., 2004; Lyuksyutova et al.,
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677Figure 9. Status of Cxcl12-Cxcr4 Signaling Determines the Trajec-
tory of Spinal Motor Axons
This scheme shows one possible explanation of how the status of
Cxcr4 signaling establishes the trajectory of vMN axons. In this
view, the expression of Cxcr4 by the axons of vMNs (red) renders
this set of motor neurons insensitive to repellent cues that derive
from the floor plate and surrounding mesenchyme (black dots). As
a consequence, the axons of vMNs are able to extend laterally
within the neural epithelium, emerge from the neural tube via a
ventral exit point, and project within the paraxial mesenchyme that
surrounds sensory ganglia and expresses Cxcl12 (green field). In
contrast, the axons of dMNs (blue) lack Cxcr4 expression and thus
remain sensitive to mesenchymal repellents and are forced to pro-
ject dorsally. On approaching the dorsal exit point (gray oval), the
axons of dMNs exit the neural tube and extend through the sensory
ganglia that intervene between the neural tube and the periphery.
In Cxcr4 mutants, many vMN axons (orange) are sensitive to mes-
enchymal repellents, and their axons embark on a dorsal trajectory
within the neural epithelium that resembles that taken by dMN ax-
ons. Other Cxcr4-deficient vMN axons do exit the spinal cord ven-
trally but avoid the mesenchyme and project into dorsal root gan-
glia. The trajectory of dMNs remains unchanged in Cxcr4 mutants
(blue line). Our findings do not exclude the possibility that Cxcl12
normally serves as an attractant for vMN axons and that errors in
vMN trajectory evident in Cxcl12 and Cxcr4 mutants reflect the loss
of this attractant cue.2003; Wang et al., 1998). Later phases of spinal motor
axon guidance, in contrast, appear to depend on sig-
nals that act predominately through tyrosine kinase re-
ceptor signaling systems (Ebens et al., 1996; Haase et
al., 2002; Helmbacher et al., 2000). The emerging evi-
dence that early and late phases of motor axon guid-
ance depend on distinct receptor signaling systems
raises the possibility that the elusive cues that coax
motor axons out of the neural tube also involve GPCR
signaling.
Experimental Procedures
Mouse Strains
Cxcr4 mutant mice were obtained from Y. Zou. Cxcl12 mutant mice
(Nagasawa et al., 1996) were obtained through Y. Rao. In someexperiments, mice carrying the Hb9::eGFP transgene (Wichterle et
al., 2002) or the Nkx6.2::tlacZ knockin allele (Vallstedt et al., 2001)
were crossed into the Cxcr4 or Cxcl12 mutant backgrounds. Ani-
mals were housed in the Columbia University Animal Facility and
handled according to institutional guidelines.
In Situ Hybridization, Immunohistochemistry,
and X-gal Staining
In situ hybridization was performed as described (Ericson et al.,
1997b). The following probes were used: Cxcr4, Cxcl12, Hb9, and
Isl1. The following chemokine receptor genes were also assayed
by in situ hybridization on sections of e10.5 and e12.5 spinal cord:
Cxcr4, Cxcr5, Ccr1, Ccr2, Ccr4, Ccr5, Ccr6, Ccr7, Ccr8, Ccr9, and
Ccr10. Only Cxcr4 was expressed by newly generated motor
neurons.
Embryos were processed for immunohistochemistry as de-
scribed (Tsuchida et al., 1994). Antisera: rabbit anti-GFP (Molecular
Probes), 1:1000; rabbit anti-Lhx3, 1:4000; guinea pig anti-Isl1/2,
1:16000; rabbit anti-Isl1/2, 1:2500; rabbit anti-Phox2a/b, 1:2000;
goat anti-Cxcr4 (Santa Cruz), 1:250; Nf (2H3), 1:100; Nfr (3A10),
1:100; β3-tubulin (TUJ1; Covance), 1 g/ml; laminin B1 (LT3; Chemi-
con), 1 g/ml. α-bungarotoxin conjugated to tetramethylrhodamine
(Molecular Probes) was used at 1 g/ml. Cxcr4 expression on cul-
tured motor neurons detected rat anti-mouse Cxcr4 antibody 1:25
(clone 2B11; Becton-Dickinson). Whole-mount immunostaining and
whole-mount X-gal staining were carried out as described (Arber
et al., 1999). Motor axon projections were quantified using Image-
Pro Plus (Media Cybernetics).
Primary Motor Neuron Culture
Motor neuron cultures were performed essentially as described
(Henderson et al., 1993). Recombinant human CXCL12β (R&D Sys-
tems) or mouse Ccl17 (R&D Systems) was added at concentrations
described in the text for 1 hr at the end of the culture period. In
some experiments, the cultures were treated with 10 ng/ml T134
peptide (Arakaki et al., 1999) for 1 hr prior to addition of chemokine.
Cells were labeled with 10 U/ml phalloidin conjugated to Alexa 568
(Molecular Probes). The frequency of growth cone-positive cells
was determined by scoring 100 to 150 eGFPHI neurons with an
inverted fluorescence scope (Figure S7). The length of Cxcr4+ and
Cxcr4− motor axons was determined using ImageJ software (W.
Rasband, NIH, Bethesda, MD).
Flow Cytometry
Embryonic motor neurons were detached from tissue culture plates
by treatment with enzyme-free cell dissociation mix (Specialty Me-
dia) and washed once. The cells were stained on ice for 20 min
with anti-mouse Cxcr4 (2B11; Becton-Dickinson) or isotype control
conjugated to phycoerythrin. Motor neurons were analyzed with a
LSR-II flow cytometer (Becton-Dickinson).
Supplemental Data
The Supplemental Data include seven figures and can be found
with this article online at http://www.neuron.org/cgi/content/full/
47/5/667/DC1/.
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